I. INTRODUCTION
The size and complexity of our global food system raises many safety issues. Microbial contamination of foods and water have been the focus of much attention recently from outbreaks of disease and large recalls of processed foods with significant economic losses. The emergence of food- borne pathogens such as Escherichia coli O157:H7 in ground beef products, vegetables, juice, and drinking water (to mention a few), the re-emergence of recognized pathogens such as Salmonella typhi in chicken, eggs, and mayonnaise-containing salads, and large-scale outbreaks of Cryptosporidium parvum and Vibrio cholerae in water emphasize the risks. 1 Consumer interest in fresh raw fruits and vegetables, increased demand for processed "prepared" foods/meals, and smaller numbers of food facilities and suppliers servicing larger numbers of consumers are just a few of the underlying complications. According to a recent Centers for Disease Control (CDC) report based on proactive monitoring programs and better detection methods [1] , foodborne illnesses are estimated to be 76 million per year in the United States, resulting in 325 000 hospitalizations and 5000 deaths. The responsibility for managing food-and water-borne risks is shared by federal, state, and local governments. Since safety is influenced by all the processes that handle or process foods from production to consumption, faulty handling of a product at any point in the system can cause the product to be unsafe. Producers, shippers, importers, processors, wholesalers, retailers, handlers, and consumers all influence the risk. For example, consider how you grill a steak or a piece of chicken. Most likely, you remove it from its package and place it on a plate (or leave it in the package after removing the wrapper), then transfer it to the grill. When it is cooked to your satisfaction, you remove it from the grill, placing it on the same plate or package from which you took it. If this is the case, then any contamination that was on the steak or chicken before cooking (which was likely killed by cooking) has been reintroduced.
Science and engineering must play a pivotal role in the detection and identification of hazards to our food supplies and 1 For a summary, see http://www.cdc.gov/health/foodill.htm.
0018-9219/03$17.00 © 2003 IEEE the determination of the risk. Risk is a probability of harm from a food-or water-related hazard at a certain exposure to a specific person or group. "Safe" is a subjective judgment of an acceptable level of risk [2] .
Current food and water diagnostic technologies [3] require both outgrowth and capture of the microbes in the detection protocols. This step requires hours to days, and may fail to detect viable (but nonculturable) cells; instead, the growth medium may favor the growth of bacteria with specific phenotypes. Regardless of the characterization technology, samples must be taken in the "right spot" to accurately evaluate the presence and/or distribution of the microbial flora, since it is impossible to sample large areas/volumes with current technology. In most cases, food inspection is only done visually at one location in the food supply chain.
Using a unique combination of leading-edge technologies, we have developed a handheld, continuous, real-time monitor for microbial contamination together with microbe capture technology for identification of the microbial contamination. Together, these are capable of statistically sampling the environment for pathogens (including spores and viruses) and exotoxins, identifying the specific pathogens/exotoxins, and determining cell viability. This system is sensitive enough to detect very low levels ( 20 cells/cm on surfaces or 100 cells/50 mL solution) of bacteria in minutes [4] - [12] . In this paper, we present the application of this technology to detection and identification of microbial contamination of foods and water. Intrinsic fluorescence of the microbial contamination, such as that from metabolites, amino acids, and other specific cell components, is used to monitor food surfaces and requires no contact. The identification technology is based on molecular recognition and pathogenesis using iron acquisition and eukaryotic receptor adhesion strategies. These nonantibody-based ligands are chemically tethered to the sensor surface. Pathogen identification is based on microbial recognition of tethered ligands. Detection of binding/capture is achieved using intrinsic fluorescence from cells bound to the coated surface. Furthermore, these capture technology sensors can also be used for cell culture and other classical microbiological identification methods as well as for polymerase chain reaction.
II. DETECTION TECHNOLOGY
For microbial detection, fluorescence methods offer high sensitivity, short collection times, no sample contact, and the capability of scanning large areas/volume. Furthermore, the fluorescence intensity is proportional to the excitation intensity, so even weak signals can be observed by using high-power illumination. A variety of microbial cell components exhibit intrinsic fluorescence: NAD(P)H and other reduced pyridine nucleotides (RPN), lumazines, pterins, flavoproteins, and other secondary metabolites [13] . Redox fluorimetry based on these intrinsic fluorescence markers has proved to be a significant tool in the investigation of cellular metabolism and tissue oxygenation [14] . While fluorescence markers provide very sensitive determination of the total microbial content, they provide no identification of the nature Fig. 1 for an overview of the intrinsic fluorescence detection system.)
Our prototype devices use multiple intrinsic fluorescence markers [6] , [7] , [9] - [11] including those of metabolites which are present only during cellular respiration [15] . Fuzzy algorithms and neural networks are used with these multiple markers to distinguish the presence of microbial contamination from environmental interferences [7] , [9] - [11] , [16] . Measurement of the background in the off cycle of the pulsed source (e.g., xenon flask lamp) allows contributions from other light sources to be subtracted from each measurement pulse. These devices employ specially designed low-noise analog circuits [7] , [9] - [11] , [17] , background cancellation techniques, and approximate cancellation for the optical differences (e.g., scattering characteristics of the matrix, distance from the source of the fluorescence signals, penetration). In order to detect very low concentrations of microbes on a surface, the excitation light intensity must be maximized on the sample, and all fluorescent photons not absorbed by the sample must be collected. Conventional optical elements, like lenses and fiber optics, exhibit a low-level fluorescence in the blue region on excitation in the UV region. We have therefore used reflective optics to provide hemispherical collection of the fluorescence [7] , [9] - [11] , [18] . However, fluorescent photons are lost in reflection, and it is important to minimize the number of reflections required to collect these photons. Further, sharp intensity cutoff with energy can only be obtained with interference filters. These filters require that the incident light be collimated ( 15 from normal). A reflective optical element collects the fluorescent light rays from the sample at the bottom and collimates it before passage through the filter and detection by the photomultiplier tube. We find that the highest collection efficiencies at the photomultiplier tube are produced by parabolic-type elements. This reflective collection element has been built and performs within our calculated error.
In summary, this technology is particularly well-suited for monitoring microbial contamination on foods, as it can be used for large volumes or areas in real time with high sensitivity and no sample contact. If significant contamination is found, the following identification technology can be used to determine the biological nature specifically. It is important to note that this monitor can also be used to determine the efficacy of decontamination procedures.
III. IDENTIFICATION TECHNOLOGY
The method and prototype devices described previously can provide very sensitive determination of the total microbial content, but they have no specificity. In order to confer specificity, we have developed identification technology which exploits bacterial outer membrane receptors that recognize molecules associated with pathogenesis [7] - [9] , [12] . The capture event is then detected with the intrinsic fluorescence-based technology and prototype devices. This identification/capture technology does not rely on antibodies, nor are reagents needed for detection.
Our capture strategy is threefold; iron acquisition, eukaryotic receptor adhesion, and outer membrane protein recognition. Since most iron in mammals is stored as heme, pathogens have receptors for these host sources [19] , [20] . We have shown that heme ligands chemically tethered to a surface by a ca. 100 organic linker can be used to capture mammalian pathogens and enteric bacteria from solution. Heme-based ligand capture has been demonstrated for S. typhi in water with a sensitivity of 10 cells. This heme-based ligand capture is specific for pathogens and enterics, even in the presence of 10 times as many nonpathogens.
Pathogenic bacteria and fungi can also produce siderophores and their receptors [19] - [22] . Siderophores are low molecular weight high-affinity iron chelators which capture iron from the environment. Despite considerable structural variation among siderophores, most form Fe(III) octahedral complexes. Surface-tethered siderophore capture efficiency is 80% in liquid samples after the surface had been rinsed with water. Dead cells are also captured as long as the cell-surface receptor is intact. Some siderophores are common to several species of bacteria and can be used to capture groups of bacteria having a common receptor, while others are species specific.
Pathogen adhesion is an important early step in infection. The pathogen must adhere to the host tissue, possibly to provide resistance to mechanical clearance defense systems and to provide easier access to nutrients provided by the host, and multiply to create a colony. Pathogens appear to have an abundant repertoire of adhesins [23] , [24] , microbial surface proteins which bind to a defined eukaryotic cell receptor. Most bacterial strains are genotypically capable of producing more than one type of adhesin [24] , many of which recognize specific glycoconjugates on mammalian cell surfaces.
Outer membrane protein recognition has long been a tool of classical microbiology, with dyes such as Congo red [19] , Coomassie brilliant blue [25] , and crystal violet [26] figuring prominently. Bacteriosides are an example of drug-targeted outer membrane protein recognition. We have used combinatorial peptide libraries (7-12 mers) to develop peptide ligands that are recognized by cell-surface epitopes of the specific microbes or groups of microbes selected for capture. For example, we have developed a seven-mer peptide specific for Protein A of Staphylococcus aureus which, when tethered to a surface, specifically captures S. aureus. Another peptide was also developed which specifically captures the toxic-shock syndrome toxin-1 produced by S. aureus [27] .
These very different applications of combinatorial peptide libraries demonstrate the utility of this approach.
In order to demonstrate multiligand capture of a single bacterial species and thus give statistical certainty to the detection and identification, we produced a "chip" containing heme, staphyloferrin (siderophore specific for S. aureus), peptide for Protein A, and peptide for the exotoxin toxic shock syndrome toxin-1. Tests with pure cultures, mixtures of closely related species, and "real world" samples showed that this technology is capable of distinguishing S. aureus in a variety of conditions with high statistical certainty. It is important to note that after capture, the cells can be grown out with standard microbiology methods.
IV. APPLICATIONS TO FOODS AND WATER
Both the detection and identification technologies have been developed for use with foods and water. In order to test the efficacy of these, we compared the differences in the measured amount of microbial contamination using the previously described prototype instrumentation before and after spiking various food and water samples with known quantities of cells. This difference approach is necessary, as many foods we investigated had significant microbial loads when purchased.
A. Methods
A variety of bacterial and yeast cells were grown just past midlog phase, centrifuged at 3750 G for 5 min, then washed once with minimal medium. The pellet was centrifuged again (same conditions) and resuspended in minimal medium. The concentration was estimated to be 10 /mL. Cells were counted using a Petroff-Hauser cell counting chamber and a light microscope. For measurement of the intrinsic fluorescence of microbial cells on food surfaces (see Fig. 2 ) and in water (see Fig. 3 ), the quantitated cell preparations were diluted accordingly with minimal medium and used immediately. A few drops (10-50 L) of these solutions were spread over approximately a 1-cm area on the food samples and allowed to absorb into the sample surface. The intrinsic fluorescence was then measured with the previously described instrument without touching the sample.
A minimal medium was prepared specifically to have negligible fluorescence background by the following method, provided that ultrapure reagents are used. In 1 L of deionized water, 0.5 g of NaCl, 1.0 g ammonium sulfate, 10 g of Tris-Cl, 0.3 g of MgSO , 2 g of glucose, 5 mg of CaCl , 10 mL of 20% glycerol, and 0.5 g of alanine was added. In addition, 5 mg of the following amino acids were added: cysteine, methionine, glycine, glutamic acid, serine, proline, and threonine together with trace amounts of ZnSO , FeSO , and CuSO . The pH of the resulting solution was adjusted to 7.2 and then filter sterilized.
We also attempted to detect contamination by a method commonly used in the food industry (see Fig. 2 , E. coli on raw poultry "extract" water), in which a thawed Cornish game hen was placed in a plastic bag containing 200 mL of sterile phosphate-buffered saline and shaken for 30 s. Dilutions of E. coli were made with this "extract" water. Microscopic enumeration showed that the background bacterial contamination was -colony-forming units per milliliter (cfu/mL) before our dilutions studies. The intrinsic fluorescence was detected using the previously described intrinsic fluorescence prototype device.
For identification of the microbial contamination on foods (see Figs. 4 and 5) and in water (see Fig. 6 ), the following protocols were followed. Bacteria (e.g., E. coli O157:H7) were captured on a heme-coated [8] , [12] sapphire flat by two methods. Sapphire was used instead of glass because it has no intrinsic background fluorescence in the UV/visible region. Alternatively, other more flexible surfaces could also have been used. Then, 5 10 cells in 50 L of phosphate-buffered saline (5 mM sodium phosphate, 0.15 M sodium chloride, pH 7.0) were placed on the surface of raw chicken (ca. 2-cm-diameter circle) and allowed to sit for 5 min (to "soak into the surface"). In the first method, the heme-coated sapphire flat was placed against the contaminated surface of the chicken for 2 min. The slide was lifted off and washed with 15 mL of phosphate-buffered saline solution containing 0.005% Tween-20, and the intrinsic fluorescence from the captured bacteria was detected using the previously described intrinsic fluorescence prototype device. The fluorescence of a heme-coated sapphire flat that had been in contact with raw chicken treated with 50 L of sterile phosphate-buffered saline solution was determined for comparison. In the second method, we used the previously described "extract" water method in which the raw chicken was placed in a plastic bag containing 5 mL of sterile phosphate-buffered saline and shaken for 45 sec. We then removed 150 L of the buffer and placed it on the heme-coated surface for 2 min, after which it was washed with 15 mL of phosphate-buffered saline solution containing 0.005% Tween-20, and the intrinsic fluorescence from the captured bacteria was detected using the previously described intrinsic fluorescence prototype device. The fluorescence of a heme-coated sapphire flat that had been in contact with buffer used to wash uncontaminated raw chicken treated with 50 L of sterile phosphate-buffered saline was also measured for comparison.
For identification of microbial contamination in water, a heme-coated surface was exposed to a 50-mL solution of sterile water containing varying amounts of Salmonella typhi. The surface was moved around in the solution for about 30 s and washed with sterile water, and the excess water was removed by blowing gently with pressurized air. The fluorescence of the flat was then measured as described previously.
B. Results
Bacterial and yeast cells were studied on meats (including frozen meats), fruits, vegetables, and cheeses and in juices using intrinsic fluorescence to detect the presence of the spiked cells. As an example of the results for the fluorescence markers used, Fig. 2 shows results for the RPN marker as measured or the difference in the fluorescence for the RPN marker as a function of added microbial load. Note that the detection limit is 100 cells, regardless of the nature of the surface, the distribution of microbes, or their size. In the last section of Fig. 2 , E. coli in raw poultry "extract" water, the background contamination was shown to be 10 -10 cfu/mL before the addition of spiked cells. Fig. 3 shows results for a similar investigation of Bacillus thuringiensis in water as microdroplets ( 50 L) on a surface. These clearly demonstrate the utility of this approach and its limitations. In many cases, 10-100 cells can be detected.
In order to investigate the application of our identification technology directly to foods, we compared the results for the RPN markers using the touch method (see Fig. 4 ) with those from using the wash water method (see Fig. 5 ) as described in Section IV-A. It is clear that both methods indicate the presence of the pathogenic E. coli O157:H7. The differences observed here are likely due to the fact that fluorescence is sensitive to environment, e.g., solvent, pH, ionic strength.
In earlier work, we have applied our identification technology to contaminated water. For example, Fig. 6 (taken from [12] ) shows the results of exposing a heme-coated surface to water contaminated with S. typhi. We have also shown that heme ligands will selectively capture the weak opportunistic pathogen Enterobacter aerogenes in the presence of 10 nonpathogenic B. globigii in water [12] . Further, when a tethered ferric vibriobactin complex (vibriobactin is the siderophore produced by V. cholerae) is exposed to contaminated water, it is only recognized by V. cholerae. Other related pathogenic Vibrio spp. are not bound [12] .
V. CONCLUSION
We have demonstrated that microbial contamination can be detected and identified in foods and water in times less than 1 min. The intrinsic fluorescence-based detection technology is sensitive at the infectious dose level for pathogens and is ideally suited for a continuous monitor. Identification down to the species level can be achieved by capture technology which exploits bacterial outer membrane receptors that recognize molecules associated with pathogenesis. Taken together, these offer characterization of microbial contamination in foods and water that is fast, reliable, and inexpensive.
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